The aim of this paper is to critically review the literature documenting the imaging approach in adult Femoral Head Avascular Necrosis (FHAVN). For this purpose we described and evaluated different radiological techniques, such as X-ray, Computed Tomography (CT), Magnetic Resonance Imaging (MRI), and Nuclear Medicine. Plain films are considered the first line imaging technique due to its ability to depict femoral head morphological changes, to its low costs and high availability. CT is not a routinely performed technique, but is useful to rule out the presence of a subchondral fracture when MRI is doubtful or contraindicated. MRI is unanimously considered the gold standard technique in the early stages, being capable to detect bone marrow changes such as edema and sclerosis. It may be useful also to guide treatment and, as CT, it is a validated technique in follow-up of patients with FHAVN. Nuclear medicine imaging is mostly applied in post-operative period to detect graft viability or infective complications. More advanced techniques may be useful in particular conditions but still need to be validated; thus new research trials are desirable. In conclusion, X-ray examination is the first line approach, but lacks of sensitivity in early stage whereas MRI is indicated. CT easily depicts late stage deformation and may decrease MRI false positive results in detecting the subchondral fracture. However, the role of both Nuclear Medicine Imaging and advanced MR techniques in FHAVN still need to be investigated. 
Background
Femoral head avascular necrosis is a common disease of the hip joint with an incidence of 10,000-20,000 new cases in the United States (1) . Though most of patients are asymptomatic the prevalence is supposed to be markedly higher. Impaired blood perfusion and increased intraosseous pressure are identified as predominant responsible of the necrotic process. If not identified in the early stages, this condition leads to osteoarthritis and thus eventually to joint replacement. Radiologic staging of the disease is of pivotal importance allowing the identification and risk stratification in precollapse stages, prognosis, adequate treatment planning and post-operative follow-up (2) . For this purpose, several techniques are nowadays available and new advanced ones are undergoing validation. While X-ray remains the mainstay of FHAVN imaging, CT, MRI and Nuclear Medicine hybrid techniques are gaining field of application in early stages of the disease. Moreover, the increasing number of conservative or mini-invasive treatments has prompted the need of more advanced imaging techniques to work as guidance, to evaluate bone reparative processes or graft viability. Therefore, the purpose of this paper is to review the available literature about the diagnostic imaging approach to FHAVN.
FHAVN classification overview
The first staging classification of the femoral head avascular necrosis was proposed in 1964 by Ficat and Arlet and was subsequently modified several times (3) . Their purpose was to provide prognostic information to compare different treatment options dividing the disease course in 4 stages. Few years later a similar attempt was done by Marcus and Enneking dividing the disease in 6 stages (4). Since then several classification system were developed to provide insights in the prognosis, treatment planning and outcome evaluation (5) . According to Mont et al. (6) , who reviewed 16 different classification schemes, just 4 of them were considered in more than the 85% of the evaluated studies; in particular Ficat classification was the most adopted accounting for the 63% of the considered studies and was followed by the Steinberg's system which accounted for the 20%, by the Association Research Circulation Osseous (ARCO) system which accounted for the 12% and by the Japanese Orthopaedic Association (JOA) system which accounted for the 5%. However, which is the universally accepted classification is controversial and is still a matter of debate, leaving the choice to the different adopting centers. From a radiological point of view the X-ray evaluation represents the basis of all the proposed schemes. Only the latest adopted classifications, such as Steinberg's, ARCO and JOA systems, were designed to include CT and MRI findings along with the increasing interest in early staging of the FHAVN. Another staging classifi-The role of imaging in diagnosis and management of femoral head avascular necrosis Mini-review @ C I C E d i z i o n i I n t e r n a z i o n a l i cation, developed by Mitchell et al. (7) , relied only on MRI features to stage lesion severity and consists of 4 classes of FHAVN.
Conventional radiography
X-ray examination is still considered the mainstay and first line imaging technique in the FHAVN diagnosis. Radiographic assessment of the femoral head is also convenient and inexpensive. While it is insensitive in the early changes of the disease, imaging features of more advanced stages are often characteristic and may obviate the need for any additional radiologic evaluation. Plain films in both frontal and lateral "frog leg" projections are mandatory to increase the diagnostic accuracy. Femoral head appearance could be normal until 3 months since disease onset. Typical features, in order of appearance from early to late stage disease, are areas of sclerosis within the femoral head, presence of radiolucent lines "crescent sign" in keeping with subchondral fracture and collapse of the cortex with flattening of the femoral head, and eventual lateral subluxation ( Figure 1 ). Sometimes cystic lesions may be demonstrated in association with sclerotic areas and are meant to be a negative prognostic factor predictive of future collapse. Osteoarthritis and ankylosis represent the latest evolution throughout the disease spectrum (8) . Atypical radiographic features are identified in 18% of patients and in those undergoing steroid therapy (9) . Joint space narrowing may be present and usually precedes the appearance of the crescent sign in this population. Furthermore, signs of bone repair, such as sclerosis, may be absent due to a decreased bone formation in the presence of normal bone resorption. While typical radiographic findings lead to a confident differential diagnosis between FHAVN and osteoarthritis or rapid onset osteoarthritis in which joint space narrowing and osteophytes are predominant, in atypical presentations the diagnosis could be insidious and is usually triggered by the clinician index of suspicion and confirmed by second line investigations (10) . Plain films have also been used to evaluate lesion extension which is considered in the ARCO classification as mild, moderate and severe if involving less than the 15%, between 15 and 30% and more than the 30% of the femoral head, respectively. Several measurement methodics have been applied to anteroposterior and lateral radiography. In particular, Niimi et al. (11) considered the percentage of the weight-bearing area involved in the disease identifying 4 lesion types at AP radiographs. Kerboul et al. (12) measured the arc of the femoral surface involved considering two different angles, obtained drawing two lines from the center to the periphery of the affected femoral head on both AP and lateral radiographs. According to a recent diagnostic algorithm (13) , when morphological changes of the femoral head are demonstrated at radiography and in particular when there is a depression of the articular surface between 2 and 4 mm associated or not with acetabular changes, no further imaging is required. An additional CT examination could be performed when the areas of sclerosis are associated with lucency lines of uncertain significance to rule out the presence of subchondral fractures. However, conventional radiography may be not so accurate and sensitive as more advanced techniques, which can identify early stages in asymptomatic patients, but remains of pivotal importance in the late stages.
Computed tomography
Few studies in literature are focused on the role of multidetector CT in FHAVN and this is not routinely applied for diagnosis. CT technique has an intrinsic high spatial resolution and is more sensitive than X-ray in detecting bone typical osteonecrosis abnormalities, but it is still focused on the late stage of the disease. There are several proposed acquisition protocols, all characterized by a low slice thickness (1-2 mm) and pitch (1-1.5 mm). Commonly used image matrix is 512 x 512 and is usually associated to a reduced field of view (FOV). Multiplanar reformats associated with bone filtering are mandatory and possibly increase the accuracy in evaluating the articular surface (14) . Typical FHAVN CT findings, in order of appearance from early to late stage disease, are the "asterix sign", due to femoral head central sclerosis and trabeculae condensation, the calcifications, the subchondral fracture, and the bone collapse leading to final articular deformity. Several comparisons were made in literature between the staging performance of CT and MRI in FHAVN patients. Firstly, Mitchell et al. (15) (17) evaluated sensitivity and specificity of CT and MR in the same task which accounted respectively 100% for the former and 38 and 100% for the latter, thus confirming the role and accuracy of CT examination in stages II-IV, when detection of the subchondral fracture is pivotal and in which MRI is unsatisfactory. However, the application of 3D isotropic sequences at MRI could smooth at least to a certain point this technique bias (17) . Regarding early stages, a recent retrospective designed report by Barille et al. (18) documented a missed diagnosis in 89% of the hips with FHAVN at CT if compared to MRI; thus accounting for the low sensitivity of the former at these stages and also of the unawareness of the radiologists who did not included hips in their visual checklist. Multidetector CT is a useful technique also in post-operative ankle evaluation documenting mineralization state, the position of orthopaedic hardware and the presence or absence of bone bridging and fragmentation. Acquisition technique adjustments may be needed in this case to increase sensitivity in presence of beam hardening artifact due to metallic prosthesis (19, 20) . CT examination is not recommended routinely for diagnosis, but it may be useful to exclude the presence of a subchondral fracture in FHAVN when MRI is doubtful or contraindicated, while it is a validated technique in the post-operative imaging follow up.
Conventional magnetic resonance imaging
MRI is considered the gold standard technique in the early stages of FHAVN with a sensitivity of more than 99%; thus this technique is considered by both Steinberg and ARCO classification in the early disease stage (21) (22) (23) . Signal changes in bone marrow have been demonstrated within 1 week of vascular injury in animals. Diagnostic MRI protocols include sagittal T1 fast spin echo (FSE) and Short Tau Inversion Recovery (STIR) sequences, coronal and axial PD and axial T2 FSE. Post-operative scans may include T2 Spectral Adiabatic Inversion Recovery (SPAIR) sequences according to different performing centers which is less degraded by metallic artifacts. Diagnostic post-contrast imaging usually is not performed, although it could demonstrate the lack of the enhancement of the necrotic area or a ring enhancement due to the granulation tissue at the border of the lesion. Osteonecrosis area appears circumscribed by a "band like" hypointensity in T1 weighted images which correspond to the rim of reacting sclerosis surrounding the involved bone marrow (Figure 2) (24-28) . Crescentic, serpentine, ring like or wedge lesion are also common depending on the extension of the FHAVN. According to Mitchell et al. (29) , the area of necrosis may have different signal intensities other than bone marrow adipose tissue in a minority of cases, due to the eventual haemorrhagic, cystic or fibrous evolution. Another pathognomonic alteration, evident in 65-85% of patients, is the "double line" sign on T2 weighted images which is considered a chemical shift artifact in its origin and is characterized by an outer low signal of intensity rim with an inner zone of high intensity referred to the granulation tissue (Figure 3) (30) . Subchondral fractures are evident as smooth low signal intensity lines on T1 weighted images concave to the articular surface; thus they differ from insufficiency fractures which are irregular in shape and convex to the surface. Fracture gap may have several signal intensities on T2 weighted images due to the eventual presence of fluid collections or gas. Bone Marrow Edema (BME) is usually well 
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documented at T2 fat suppressed weighted images and may involve only the epiphysis or could extend to the metaphysis. It has been the focus of several papers regarding its possible role as first marker of FHAVN and its association with subchondral fracture, symptomatology and prognosis (31, 32) . BME is also seen in conjunction with joint effusion in at least 50% of FHAVN patients. Morphologic changes of the femoral head, such as contour alteration and collapse, are also identified at conventional MRI examination. Quantification of the extent of the osteonecrosis is also possible and is believed to carry pivotal prognosis information. Several methods have been proposed for this purpose, but the overall volume of the femoral head is considered the most validated predictor of future collapse. When more than 25-50% of the femoral head is affected articular collapse is seen in 43-87% of patient, while only 5% of them with an involvement of less than 25% will develop future deformity (33) (34) (35) . While there is no role in lesion follow-up after head collapse, some Authors recently pointed out the possible utilization of MRI in follow-up small pre-collapse lesion which might heal in time with conservative therapy (36) . Intra-operative use of MRI has recently been proposed by Kerimaa et al. (37) who performed femoral head core decompression under its guidance. The technical success rate of the procedure was 100%, resembling the benefit obtained of acquiring images in arbitrary planes and the ability to depict the most affected areas of the femoral head. MRI could be used also to assess post-operative outcome, particularly in patients undergoing Vascularized Fibular Grafting (VFG). Although gadolinium administration is not routinely performed in post-operative period unless there is the suspicion of infection, in case of VFG, it may add important prognosis informations. The presence of enhancement surrounding the graft and in the necrotic area means revascularization and is often associated with reduction of BME which stands for a favorable outcome (38, 39) . In summary, conventional MRI is considered the gold standard technique in the early stages when plain films are negative and can be used as guidance and follow-up of FHAVN conservative and surgical treatments.
Advanced magnetic resonance imaging
The search for improvements in MR sensitivity and specificity in FHAVN has prompted the attention focus on different MR technologies such as Diffusion Weighted Imaging (DWI), Perfusion Imaging (PWI), T2 Mapping and Magnetic Resonance Spectroscopy (MRS). Diffusion has recently been proposed as a promising tool to assess several skeletal diseases, given its ability to depict water shifting between different tissue compartments. Contrarily to other organs where diffusion is restricted in ischaemic condition, the majority of papers on FHAVN have shown its increase in the femoral epiphysis ( Figure 4) (40) . Similar results were obtained also considering the Legg-Calvè-Perthes (LCP) disease (41, 42) . This phenomenon is likely due to the different cell population which constitutes the bone marrow and to a late identification of the pathologic process, when cells death with membranes lysis and BME has already occurred. Previous FHAVN animal models, indeed, were in agreement with the theory of a transient restriction followed by an increase in diffusion of water molecules (43, 44) . Although there is common agreement on diffusion increase in adult FHAVN, Öner et al. (45) It has been previously demonstrated that osteonecrosis is the result of decreased perfusion associated to a stasis in the venous outflow. As the necrosis progresses, an increase of the blood flow is also due to the proliferation of the granulation tissue. Dynamic contrast enhancement imaging has been used to demonstrate these changes and it was shown to increase MRI sensitivity in detecting osteonecrosis foci in animal models (47) . Dynamic T1 weighted sequences are usually acquired in the coronal plane, but there is no agreement in technical parameters and dynamic time intervals which differ between Authors. Hayashi et al. (48) showed a decrease of the initial slope and in the enhancement ratio of the time-intensity curve, which was associated to VEGF increase and DNA oxidative damage in a rabbit model of steroid induced FHAVN. As previously demonstrated in animals, Chan et al. (49) showed a delayed time to peak enhancement also in humans, and found an associated increase in the peak enhancement absolute value that was suggested to reflect reduced venous outflow. Both changes were found to be time dependent. Recently, Mueller et al. (46) 
Ultra-high field magnets
While new magnets are being developed, 7T magnets are already used worldwide for research in different radiological fields. Ultra-high field magnet advantages comprise a 2-fold or 4-fold signal To Noise Ratio (SNR) over 3T and 1.5T respectively, higher spatial resolution and image contrast. Although 7T MRI studies focused preferentially on brain and some musculoskeletal structures, recently, some Authors investigated the performance of 7T magnets in FHAVN patients. In two different papers, Theysohn et al. (55, 56) analyzed 7T advantages and compared it to 3T magnets. Images obtained using a home-made coil, were judged according to a 4 point scale. 7T performance could not yet surpass 3T experience, although full technical potential of the former was not exploited due to technological immature equipment. Depiction of critical structures, such as the articular cartilage or the labrum, was at least comparable to that obtained with 3T magnets. Further research and coil development is needed to understand the full potential of these novel machines.
Nuclear medicine
Nuclear medicine techniques, such as bone scan, SPECT, SPECT/CT and PET or PET/CT are not routinely used in FHAVN patients and their role is still under investigation. Osteonecrosis areas appear as photopenic lesions circumscribed by a reactive (hot) interface (bull's eye sign) at 99 technetium bone scan (57) . Although this technique has been demonstrated to be more sensitive than plain films and particularly suitable for non-collaborative patients in early stages, its performance against MRI was unsatisfactory, with only 56% of sensitivity compared to 100% sensitivity of the latter (58) . SPECT was developed to overcome bone scan limits, but it still suffered for the lack of anatomical details; thus hybrid SPECT/CT was introduced and its superiority against previous techniques was documented in a recent study performed by Agarwal et al. 
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The role of imaging in diagnosis and management of femoral head avascular necrosis (63) . Finally, just case reports are available in literature, to our knowledge, regarding PET/CT and FHAVN suggesting it as an effective alternative to MRI in patients with absolute contraindications ( Figure 5 ) (64, 65) . While Nuclear Medicine techniques are of limited value and not recommended in the diagnosis of FHAVN with some exceptions, is our opinion that they can play an important role in surgical therapy follow-up not only identifying bone graft viability, but also excluding infections and other inflammatory processes. 
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